Highly uniform Fe nanoring arrays in porous anodic alumina templates are fabricated by physical vapour deposition and grazing ion milling techniques. The nanorings have aspect ratios ranging from 0.8 to 4, depending on the deposition conditions. The outer diameter of the individual nanorings, and the area density and distribution patterns are completely determined by the template used. Selected-area electron diffraction reveals that these nanorings have a polycrystalline microstructure. The nanoring fabrication method demonstrated here can be extended to other materials.
Introduction
In recent years, nanorings have attracted increasing attention due to their unique properties, such as magnetic flux trapping of conducting or superconducting rings [1, 2] , stable vortex states of magnetic rings [3, 4] , 'bamboo' states of high-aspectratio magnetic rings [5] and tunable optical resonance of metal rings [6] . For these novel properties, periodic nanorings hold promise for many applications in micro-electronics, magnetic data-storage media and photonics devices. Usually, nanoring arrays are fabricated by lithography [3, 4] or template methods [6] [7] [8] . The template methods have advantages, of low cost and the ability to control the aspect ratios [7] , over lithography. By physical vapour deposition (PVD) and ion beam etching (IBE) techniques, nanorings have been fabricated using various templates, such as porous anodic aluminium oxide (AAO) membranes [7] , nanochannel glass (NCG) replica masks [8] and polystyrene spheres [6] . AAO templates have been widely used for the fabrication of periodic nanostructures, due to their high-density, close-packed nanochannels and controllable pore parameters [9, 10] .
Hobbs et al [7] reported a method to fabricate uniform nanoring arrays by sputter redeposition of Au, Ni and Si using freestanding AAO membrane shadow masks with a thickness of 150-300 nm. These ultra-thin AAO membranes were prepared by anodizing annealed aluminium sheets.
However, post-treatment and manipulation of such thin AAO membranes are difficult due to their weak mechanical endurance. Combining the PVD and IBE techniques, uniform Au ring arrays have been fabricated by Pearson [8] , using NCG replica masks with a thickness of 300 nm. The difficulty for large-area manipulation of these ultra-thin replica masks is also encountered. Ultra-thin AAO membranes with relatively large areas can be formed by anodizing an aluminium film evaporated on the desired substrate [11, 12] . However, the pore arrangement is not well-ordered due to structural defects in the deposited Al film [12] . Therefore, these methods are highly restricted in large-area fabrication of uniform nanorings.
In this paper, two novel methods combining PVD and ion beam milling (IBM) techniques for large-area fabrication of nanoring arrays in AAO were described. Using the twostep method and one-step method, we fabricated Fe nanorings with aspect ratios ranging from 0.8 to 4. These methods avoid the use of ultra-thin AAO membranes, and therefore make it possible to fabricate highly-uniform nanoring arrays over large areas.
Experimental details
AAO templates with ordered nanochannels on Al sheets were fabricated using the two-step anodization technique [13] . The anodization was carried out in 0.3 M oxalic acid at 8
• C under 40 V anodic bias. Freestanding AAO membranes were obtained by reversing the polarity of the electrodes upon completion of anodization [14] . The typical thickness and area of AAO were 50 µm and 1 cm 2 , respectively. Then, the AAO pores were enlarged by dipping the membranes into a 5 wt% phosphoric acid at 30
• C for 2 h. The two-step method for fabrication of Fe nanorings is shown schematically in figure 1 . A Fe film with a thickness of about 100 nm was firstly deposited on the AAO surface by either RF-magnetron sputter deposition (RF-SD, figure 1(b) ) or ion beam sputter deposition (IB-SD, figure 1(d) ). Ring structures were formed in the shallow section of pores during the deposition process. The continuous Fe film on the AAO surface was then removed by grazing IBM to obtain independent nanorings (figures 1(c) and (e)). Some of experimental parameters are given in table 1. During film deposition by RF-SD, the AAO template was fixed on the sample holder with a distance of 5 cm between the AAO and Fe target. The Ar pressure during sputtering was 0.4 Pa. For IB-SD, the template normal was tilted from the deposition direction with an angle of φ ( figure 1(d) ). φ values of 45
• and 14
• were used, respectively, to fabricate nanorings with different aspect ratios. Estimated from the target area and target-AAO distance, the angular dispersion 2θ of the depositing atom trajectories was 15
• (considering in a vertical plane). An Ar + beam with energy of 500 eV and current density of 0.5 mA cm −2 extracted from a Kaufmann ion source was used. During deposition, the Ar pressure was 2.5×10 −2 Pa and the AAO template was rotated. For the IBM process, Fe films on AAO were bombarded by an Ar + beam with energy of 500 eV and current density of 0.3 mA cm −2 . To avoid the sputtering of the materials deposited in AAO channels, the Ar + beam was tilted 60
• from the template normal. During sputtering, the sample holder was rotated to ensure uniform milling. A milling time of 8 min was suitable for exact removal of the continuous Fe film from the AAO surface. Figure 2 schematically shows our experimental set-up, for the one-step method, to acquire nanorings with higher aspect ratios. A plate with two holes (∅15 mm) allowed two Ar + branch beams (beam I and II in figure 2 ) to pass through. Beam I was at the centre of the Ar + beam extracted from the ion source, and beam II was 4.5 cm away from beam I. Due to the dependence of the radial distribution of the Ar + beam on its energy, the current density ratio of beam I to II could be adjusted to satisfy our requirement. Beam I was responsible for the sputtering of a Fe target which was placed at an inclination angle of 45
• . On the opposite side of the Fe target and below beam II, the AAO template, with an inclination angle of 60
• , was placed. The average angle φ between the AAO normal and trajectories of arriving Fe atoms was 14
• (see the inset of figure 2). The angular disperse 2θ of the trajectories was 15
• according to the geometry employed. During the deposition, the surface of the AAO template was simultaneously sputtered by beam II to remove the deposited Fe atoms from the AAO surface. This ensures the opening of pores all the time and allows more Fe atoms to enter the AAO pores. For the entire deposition time, the sample holder was rotated to make the deposition and milling uniform. The Ar pressure was kept at 2.5 × 10 −2 Pa and the current density of beam I was 0.5 mA cm −2 . The ratio of milling rate to deposition rate on AAO was adjusted by the ion energy. The suitable energy for balancing the deposition and milling rate was 470 eV in our experiment.
The morphology of the Fe nanorings was observed by scanning electron microscopy (SEM, LEO 1530VP) and transmission electron microscopy (TEM, Hitachi H-800). Selected-area electron diffraction (SAD) was used to evaluate the microstructure of these nanostructures. For the electron microscopy study, Fe nanorings were extracted by resolving the AAO template in a 5% NaOH solution, then rinsed, several times, in deionized water. Figure 3 shows the SEM micrograph of the as-prepared AAO template. The template has hexagonally arranged pores with uniform diameter of 80 nm. The average distance between the centres of adjacent pores is 100 nm. The corresponding cell density is 1.2 × 10 10 cm −2 . From the SEM micrograph of the oblique view (shown in the inset of figure 3 ), we can see the well-aligned nanochannels perpendicular to the AAO surface. Figure 4 (a) shows the SEM micrograph for the freestanding Fe nanorings fabricated by the two-step method using RF-SD. Although the AAO support substrate was removed, these agglomerated nanorings still remain in the hexagonal pattern. The average distance between the centres of adjacent nanorings is 80 nm, which is smaller (by 20 nm) than that between two adjacent AAO pores. This indicates that the continuous film between pores was completely removed by the IBM process, and only nanorings with an outer diameter the same as that of AAO pores were left. The average outer diameter of 80 nm, and inner diameter of 40 nm, give a ring wall thickness of 20 nm. Upon observing the side of several nanorings (denoted by the white arrows in figure 4(a) ), we estimate that the nanoring height is about 100 nm, which corresponds to the aspect ratio of 1.25. The inset in figure 4(a) shows a SEM micrograph of the bottom of a nanoring array. The nanoring walls are much thinner (<10 nm) at the bottom than that at top. This indicates the un-uniformity of wall thickness along the nanoring axis. Figure 4(b) shows the TEM micrograph of these nanorings, from which the distinct large hollow core of each nanoring can be seen. The microstructure of the nanorings was evaluated by SAD (the SAD pattern is not given here), which reveals that the sample has a mixed polycrystalline structure of α-Fe and magnetite. The existence of magnetite may be caused by exposure of the sample to air. Figure 5 (a) shows the SEM micrograph for the freestanding Fe nanorings fabricated by the two-step method using IB-SD with φ = 45
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• . The nanorings with outer diameters of 80 nm have an aspect ratio of 0.8. The TEM micrograph of these nanorings, in figure 5(b) , shows the hollow structure of the nanorings. By observing the side walls of several nanorings (denoted by the white arrows in figure 5(b) ), the wall thicknesses of the nanorings is decreasing gradually from the top to bottom. This feature is similar to that of the sample shown in figure 4 (a). The polycrystalline microstructure revealed by the SAD pattern is also similar to the sample fabricated by RF-SD. Another oblique angle φ = 15
• was also used to fabricate the nanorings. The top-view SEM micrograph of these nanorings is shown in figure 5(c) . These hexagonally assembled nanorings are also separated from each other with a uniform outer diameter of 80 nm. From the side-view SEM micrograph shown in the inset, the average ring height is 120 nm, which corresponds to an aspect ratio of 1.5. figure 5(c) . From the side-view SEM micrograph shown in the inset, these nanorings have an aspect ratio up to 4, which is much higher than those of the samples fabricated by the two-step method. These nanorings shrink in diameter by wrinkling at the bottom ends (denoted by the white arrow). This could be attributed to the walls being too thin, at the bottom, to support the nanorings themselves. This also proved the fact that the nanoring wall thickness decreases along the pore depth. Figure 6(b) shows the TEM micrograph of these hollow structured nanorings.
From the above observations, we can deduce that the outer diameter, density and pattern asymmetry of the nanorings are completely determined by the template used. For the AAO template, the pore density and diameter can be well controlled by the fabrication process [9, 10] . This is important for controlling the size and density of nanorings and tailoring their physical properties.
We can also deduce that the aspect ratio of the nanorings highly depends on the film deposition technique. The results were summarized in table 1. For the RF-SD technique in the two-step method, the mean free path of sputtered Fe atoms in Ar atmosphere of 0.4 Pa is about 3 cm, which is smaller than the distance between the AAO and Fe target (5 cm). Thus, the angular dispersion 2θ for Fe atoms entering AAO pores can be considered as 180
• in a vertical plane (see also figure 1(b) ). The formation of nanorings is caused by the deposition of oblique injected atoms around the inner pore wall near the AAO surface. It is assumed that the growth rate will quickly decrease along the pore depth. Furthermore, the film on the AAO surface will grow quickly, which results in the gradual shrinking and final closing of the pores. This will prevent more Fe atoms from entering the AAO pores. Therefore, only Fe nanorings with small aspect ratio in shallow pores will be produced by RF-SD.
For the IB-SD technique in the two-step and one-step methods, the Ar pressure was remarkably reduced to 2.5 × 10 −2 Pa. The mean free path of Fe atoms sputtered in such atmosphere is about 50 cm, which is much larger than the distance of 4.5 cm from the Fe target to the AAO template. Thus, the angular dispersion 2θ is completely determined by the geometry parameters, such as target area, and the distance between the target and the AAO. In our IB-SD set-up, the angular dispersion 2θ = 15
• is greatly reduced in comparison with the 180
• for RF-SD. On the other hand, we selected oblique angle φ > θ for the deposition of Fe atoms on the inner pore wall. Under this condition, the formation of the nanoring structure is due to the rotation of the sample holder, rather than the angular dispersion of the atoms in RF-SD. Thus, the key parameter which determines the aspect ratio is the oblique angle φ. Derived from the geometric relations, a theoretical aspect ratio can be derived from the formula:
where, h and D out are the nanoring height and outer diameter, respectively. It should be noted that the aspect ratio should be constant under the same deposition geometry, and the nanoring height is proportional to the diameter of the nanopores. According to the formula, it can be reasonably concluded that the aspect ratio increases with decreasing φ. This conclusion was confirmed by the observations of nanorings produced by the two-step method, which show the aspect ratio increased from 0.8 to 1.5 as the oblique angle φ decreased from 45
• to 14
• . However, the experimental values obtained by SEM are much smaller than the calculated values of 1.3 and 8.7 corresponding to φ = 45
• , respectively (considering 2θ = 15
• ). This difference may be attributed to the following reasons: (i) the deposition rate of Fe atoms decreases along the pore depth due to the shadow effects of circular pores and the angular dispersion; (ii) the shadow effect of quickly-deposited Fe film on the AAO surface and the subsequent shrinkage of the AAO pores will stop the deposition of the Fe atoms in relatively deep sections of the AAO pores. The latter can be partially overcome by the one-step method, in which the Fe atoms deposited on AAO surface are simultaneously removed by grazing IBM. By using the same φ of 14
• and 2θ of 15
• , an enhanced aspect ratio up to 4 was achieved by the onestep method, compared to a value of only 1.5 by the two-step method in our experiment. However, due to the depositioninduced shrinkage of the nanopores, the depth that the Fe atoms can reach in the nanopores will gradually decrease. This causes the practical decrease in aspect ratio, which was defined as the ratio of the depth to the AAO pore diameter or the nanoring outer diameter. On the other hand, the nanoring walls deposited earlier in the deep section are too thin to exist in the late chemical processing or to keep their structures in the AAO template.
As discussed above, it can be deduced that IB-SD has superiority over RF-SD in controlling nanoring aspect ratio. It is expected that nanorings with aspect ratios beyond 0.8-4 could be achieved by further adjustment of the deposition parameters, such as 2θ and φ in the one-step preparation. Further research is in progress in our laboratory.
Conclusions
We presented two simple and flexible methods for large-area fabrication of periodic nanorings in an AAO template by combining PVD with IBM techniques. Arrays of Fe nanorings with outer diameters of 80 nm, area density of 1.2 × 10 10 cm −2
and aspect ratios ranging from 0.8 to 4 were successfully produced. The size and density of nanorings can be tailored by the template, and the aspect ratio can be controlled by adjusting the deposition condition. The methods can be applied to other materials such as semiconductors, metals and composite materials. This allows the size effects and physical properties related to uniaxial anisotropy in nanoring structures to be studied.
